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INTRODUCTION 

The importance of aerosol particles in many branches of science, such as atmospheric chemistry, 
combustion, interfacial science, and material processing, has been steadily growing during the past 

decades. One of the unique properties of these particles is the very high surface-to-volume ratios, 
thus making them readily serve as centers for gas-phase condensation and heterogeneous reactions. 
These particles must be characterized by size, shape, physical state, and chemical composition. 

Traditionally, optical elastic scattering has been applied to obtain the physical properties of these 
particle (e.g., particle size, size distribution, and particle density). These physical properties are 
particularly important in atmospheric science as they govern the distribution and transport of 

atmospheric aerosols. 
The chemical characterization of airborne particles has always been tedious and difficult. It 

involves many steps in the process, namely, sample collection, species and/or size separation, and 

chemical analyzis. There is a great need for non-invasive methods for 2~ &u chemical analyzis of 
suspended single particles. For bulk samples, Raman scattering fluorescence emission, and infrared 
absorption are the most common spectroscopic techniques. While fluorescence spectroscopy is 

extremely sensitive in terms of detection limit,l it lacks the spectral specificity required for chemical 
speciation. Furthermore, this technique can only be used for materials that fluoresce in the visible 
region and, therefore, is quite limited as an analytical tool for general application. Infrared spec- 
troscopy has successfully been applied to chemical characterization of the organic and inorganic 
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species in size-segregated aerosol samples collected on impactor plates2 Deposited single particles 
can also be analyzed by infrared microscopy.3 On the other hand, although Arnold and co-workers4-7 

have obtained infrared spectra of levitated single aqueous droplets, the infrared absorption of the 
species is not directly measured in the experiment. Instead, the Mie scattering from the droplet is 

monitored and the size change due to evaporation as a result of infrared absorption is detected. 
The experiment is interesting but rather involved. It is difficult to adapt this technique to routine 
particle analysis because it requires the particle to be spherical in shape and to change size by 
evaporation during infrared absorption. 

Despite the inherent low scattering cross-section of the spontaneous Raman scattering process, 

Raman spectroscopy has been used rather successfully in particle analysis. In contrast to fluores- 
cence emission and infrared absorption techniques, Raman scattering can be applied to optically 
opaque, irregular-shaped samples. It is also ideally suited for microscopic samples as well. More- 
over, it delivers rich vibrational molecular information that is comparable to infrared spectroscopy 

for identification purposes. The use of the Raman microprobe is a well-established method for 
analyzing samples collected on a substrate. Early work in this research area was led by Rosasco 

and co-workers.8-i2 Aerosol particles were collected on a filter substrate at first. Then the sample 

was illuminated by a high-power laser. Various type of compounds, such as inorganic minerals and 
carbonaceous materials, were analyzed by this technique. Adar and co-workers*3J4 have subse- 
quently developed a highly automated micro/macroRaman spectrometer. The sensitivity and signal- 
to-noise ratio of the instrument are high enough to enable a spatial resolution of one micron. 

However, there was still a lack of suitable measurement techniques for z+t &U chemical 
characterization of a levitated particle containing only about 1012 molecules. Thurn and Kiefer,is,16 

in an effort to develop a microprobe technique for suspended particles, have obtained Raman spectra 
of optically levitated glass particles. The optical levitation of a particle was first demonstrated by 

Ashkin and Dziedzic.i7 This is, in essence, a turning point for the application of Raman spectroscopy 
in aerosol research.18-25 Raman spectroscopy of aerosol particles has several interesting properties 
that are of special interest to aerosol science. The morphology-dependent optical resonances that 

occur in the Mie scattering of dielectric spheres can interact with the Raman scattered photons. 

This interaction leads to two physical processes. At the low energy field regime, the simple Mie 
resonance can interfere and sometimes mask the Raman frequencies. 26 The overall inelastic scattered 

signal can be viewed as a linear summation of the spontaneous Raman scattering and the morphol- 
ogy-dependent Mie resonance. The Mie interference diminishes for larger spheres, as the resonance 
peaks become lower in amplitude and higher in numbers per spectral bandwidth. At the high energy 
regime, stimulated Raman emissions can be generated. 27-2g The Mie resonance peaks provide a high 
Q-factor for the Raman scattered photons to amplify coherently, and the intensity of the stimulated 

Raman peaks depend exponentially on the Q-factor of each Mie resonance peak. The stimulated 
Raman scattering is a nonlinear process, whose intensity is given by 

where IS is the spontaneous Raman intensity, gS is the gain factor, Zi is the incident laser intensity, 

and z is interaction path length. Mie resonances thus affect the stimulated Raman in two ways. 
First, the pump path for the laser through the interaction volume is lengthened, typically from the 
physical size of the particle of a few microns to several meters. The second effect is on the gain 
factor of the stimulated Raman scattering. This gain factor is proportional to the number density 

of the Raman active species that are present in the particle. The effective number depends again 
on the particular Mie resonance peak. Despite the nonlinearity of the intensity in stimulated Raman 
scattering, some quantitative measurements have been carried out with streams of solution droplets, 
containing nitrates, sulfates, and phosphates.2x-30 
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Resonance Raman scattering is another area of much interest to aerosol characterization. The 
resonance Raman effect arises when the incident laser frequency is chosen to approach or fall 
within an absorption band. There are several features that set the resonance Raman scattering 

technique apart from the spontaneous Raman scattering technique. The most important feature is 
it capability to probe extremely low concentration samples. However, due to absorption of the 
incident photons, the sample medium is no longer transparent, resulting in unwanted effects such 
as fluorescence and heating. In the condensed phase, fluorescence is much reduced by quenching 
and thus may not constitute an overwhelming problem as it would in the gas phase. Nevertheless, 
the heating effect is still formidable and this requires special sample-handling techniques for bulk 
media,3i as well as aerosol particles.3**33 

This chapter reviews the recent advances in the chemical and physical characterization of 

suspended single particles by laser Raman spectroscopy. Many of the current experiments outfitted 
with the state-of-the-art instrumentation are described. Various types of experimental set-ups for 
aerosol laser Raman spectroscopy are discussed in detail. The detection limits and the analytical 

applications of the spontaneous Raman and resonance Raman scattering are described and discussed 
at length. The limitations and future expectations of the Raman techniques in the field of aerosol 

research are also given. 

EXPERIMENTAL TECHNIQUES 

A variety of experimental set-ups with different lasers, particle containment chambers, and optical 
detectors have been used to measure Raman scattering from aerosol particles. It is best to divide 

the methodologies into two categories. One is the single-particle suspension method and the other 

is the monodisperse particle stream. These two sampling methods are most frequently used in 
Raman scattering experiments today. 

Although commercial Raman microprobe systems are readily available, many of the aerosol 
Raman experiments are based on the needs of individual experiments. As a result, only the 
monochromator and detector components are obtained directly from commercial suppliers without 
any modifications. In general, an aerosol Raman experiment is designed with specific analytical 

purpose and the apparatus is built on a modular design basis for maximum flexibility. 

LASER SOURCES 

Currently, there is a wide range of commercially available lasers suitable for aerosol Raman 

scattering experiments. For spontaneous Raman scattering, the most frequently used continuous 

wave (CW) laser is the argon-ion laser. The argon-ion laser typically provides a line-tunable source 
in the visible and the near-ultraviolet regions. The wavelengths and their relative powers are 

tabulated in Table 8.1. The argon-ion laser is chosen for aerosol Raman experiments because it has 
several high-powered laser lines in the blue and green regions of the visible spectrum. Raman 

emission from these excitation lines fall within the maximum sensitivity region of most optical 
detectors. Even molecules with very large Raman frequency shifts, such as the OH band in a water 
molecule (3200 cm-‘), can be covered with these optical detectors. In contrast, a krypton-ion laser 
has nearly as high single-line output powers as the argon-ion laser; however, it has its high-power 
output lines in the red region (i.e., at 6470.88 A and 6764.42 A). Consequently, the typical Raman 
shifted symmetric vibrational bands for the inorganic and OH groups would appear near 7000 A 
and 8200 A, respectively, making the krypton laser less desirable. Moreover, the Raman scattering 

cross-section increases with frequency. Therefore, the blue region in the visible is spectrally most 
suitable for Raman excitation. For stimulated Raman scattering experiments, the most widely used 
laser for excitation is the solid-state YAG pulsed laser. The second harmonic line of the YAG laser 

at 5320 A produces a stable and high-power output that is well-suited for stimulated Raman 
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TABLE B.1 

Spectral Characteristics of 

Commonly Used lasers 

A r g o n - i o n  l a s e r  l i n e s :  

W a v e l e n g t h  ( A )  

3 5 1 1 . 1 2  

3 6 3 7 . 7 8  

4 5 4 5 . 0 5  

4 5 7 9 . 3 4  

4 6 5 7 . 8 9  

4 7 2 6 . 8 5  

4 7 6 4 . 8 6  

4 8 7 9 . 8 6  

4 9 6 5 . 0 7  

5 0 1 7 . 1 6  

5 1 4 5 . 3 1  

K r y p t o n - i o n  l a s e r  l i n e s :  

W a v e l e n g t h  ( A )  

5 2 0 8 . 3  1  

5 3 0 8 . 6 5  

5 6 8 1 . 8 8  

6 4 7 0 . 8 8  

6 7 6 4 . 4 2  

R e l a t i v e  I n t e n s i t y  

0 . 0 1  

0 . 0 1  

0 . 0 7  

0 . 1 8  

0 . 0 7  

0 . 1 0  

0 . 3 6  

0 . 9 3  

0 . 2 8  

0 . 1 8  

1 . 0 0  

R e l a t i v e  I n t e n s i t y  

0 . 1 4  

0 . 4 0  

0 . 2 0  

1 . 0 0  

0 . 2 4  

0 
scattering. The third harmonic line is less frequently used than the 5320 A line. The reason for its 
low popularity is twofold: (1) this line is higher in photon energy and thus increases the possibility 

of multiphoton ionization, and (2) Rayleigh scattering presents some technical problems because 
the availability of optical filters for the ultraviolet region is still quite limited. 

S A M P L E  G E N E R A T I O N  A N D  I L L U M I N A T I O N  

T h e  most important consideration for sample containment and illumination is the efficiency of the 

optical elements involved. The physical dimensions of the particle containment chamber and the 
vibrating orifice particle generator are usually the determining factors for how the laser beam should 
be focused when only one laser beam is considered as the sole source for illumination, the minimum 

focal spot size of the beam for a diffraction-limited beam waist can be easily calculated.34 The spot 
diameter is given by 

where &, D,,E, h, and fare the spot diameter, laser beam diameter, laser wavelength, and focal 
length, respectively. For a typical argon-ion laser with DnC = 2 mm, at 4880 A and 10 to 15 cm 
focal length, the spot diameter is between 20 to 30 l_tm. Thus, in the laboratory, suspended particles 
in the 15pm diameter range can be easily illuminated by this beam. On the other hand, the pulsed 
YAG laser generates a laser beam with diameter equal to about 9 mm in the second harmonic. 
Therefore, the corresponding spot size is about 5 to 7 p.m. 

The most commonly used single-particle containment technique is the quadrupole electrody- 
namic suspension. A schematic diagram is shown in Figure 8.1. It consists of two dc endcaps and 
an ac ring electrode. The dc field balances the particle against the gravitational force and the ac 
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SPEX Double 
Monochromator 

FIGURE 8.1 Schematic diagram of the experimental set-up for single-particle Raman spectroscopy. 

field maintains the particle at the center of the cell. A detailed description of the principles is given 
by Frickel et al.3s Since the introduction of this quadrupole electrodynamic cell concept, there have 

been several modifications and variations of this design. Davis et al.24*25 and Ray et al.36 have used 
two ac ring electrodes with a dc offset over a glass tube to maximize the collection angle for Raman 
scattering and fluorescence experiments. Arnold et al.6 have used a spherical void design to 

maximize the light collection efficiency. 
In resonance Raman and stimulated Raman experiments, particles no longer suspended in 

electrodynamic cells. Instead, a stream of droplets are continuously generated by the Berglund-Liu 

vibrating orifice particle generator. 37 This piezoelectric vibrating orifice is made commercially 
available by TSI (Minneapolis, MN). The feed mechanism in the commercial model consists of a 
solution reservoir and a syringe pump. The flow rate is found to be uneven when highly monodis- 
perse particles are desired. Snow et alz7 and Lin et al.38 showed that the reservoir can be pressurized 
by a compressed inert gas such as nitrogen to maintain a steady liquid flow, thus eliminating the 
use of the syringe pump. In addition, a high throughput, submicron-pore size solution filter can 
greatly enhance the stability of particle generation. 

COLLECTION OPTICS, SPECTROMETERS, AND DFECTORS 

The collection optics and spectrometer should always be considered together in aerosol particle 
Raman scattering experiments. The size of the scattering source is very often the physical diameter 

of the particle that is imaged onto the entrance slit of the spectrometer. There are two aspects 
critical for the collection optics that are very important; namely, the magnification of the image 
and the desired resolution of the Raman spectrum. Assume that the fnumbers of the collection 

optics and the spectrometer aref, andf2, respectively. Then, the magnification of the particle image 

with 100% transmission at the entrance slit would be 

M=fJJ. (8.3) 

However, the slit width, which limits the spectrometer resolution, must be set to at least a size of 
A4d in order to transmit the entire particle image (d is the diameter of the particle). Therefore, the 
larger the particle, the lower the resolution one can obtain for a given dispersion of the spectrometer. 
On the other hand, the best approach for high resolution in Raman scattering experiments is to use 
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FIGURE 8.2 Raman spectra of an NaN03 solution droplet undergoing phase transformation to form a 
crystalline particle. 

Many inorganic salts in the crystalline form can exist either as anhydrous salts or as hydrated 
salts containing one or more water molecules of crystallization, depending on the chemical nature 

and the crystallization conditions. Ammonium sulfate is a common constituent of atmospheric 

aerosols and it always exists in the anhydrous form. In bulk solutions, sodium sulfate crystallizes 
below 3Y’C to form the stable hydrated solid, NaTSOb . 10HZO. Some inorganic salts may have 

more than one stable hydrated form. Chang and Irish4i have reported Raman and infrared studies 
of hexa-, tetra-, and dihydrates of crystalline magnesium nitrate. The latter two hydrates are formed 
from partial dehydration of the hexahydrate under vacuum at 30 to 4O’C. However, given the 

temperature extremes that can be attained in the atmosphere, most inorganic salts are not expected 

to exist in more than two different crystalline forms in atmospheric aerosols. For example, mag- 
nesium nitrate has two stable hydrated states that are expected to be present in ambient aerosols. 

At temperatures below -2O’C, it exists as Mg(NO&* . 9HZ0, and above -8’C, it exists as Mg(NO& 

6HZ0. These two hydrates may coexist at temperatures between -20 and -8’C. The anhydrous 
state and other hydrates of magnesium nitrate can only be prepared under conditions that are not 
encountered in the atmospheric environment. 

In order to identify the hydrated or anhydrous forms present in an aerosol particle, it is necessary 
to have band resolutions better than a few wavenumbers (cm-i). Table 8.2 gives a list of Raman 

frequencies for several common nitrates and sulfates. The proximity of these Raman vibrations 
clearly illustrates the need for high-resolution spectrometers for aerosol particle analyses. For 
example, the presence of anhydrous sodium sulfate (NaZS04) or the hydrated form (NaZS04 . lOH*O) 
in aerosol particles can only be confirmed with a minimum resolution of&l cm-i, which is needed 
to identify the corresponding Raman frequencies of 996 cm-l and 992 cm-*, respectively. 
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S u m m a r y  o f  R a m a n  F r e q u e n c i e s  ( c m - l )  O b s e r v e d  f o r  i n o r g a n i c  S a l t  P a r t i c l e s  

Nitrates Sulfates Phosphates 

LiNO 

LiNOz 3Hg0 

NaN03 

KNO, 

NH~NOJ 

M&NO& 

M g ( N O &  . 6 f W  
Ca(NO& 4Hz0 

WNOA 

WN(U 

PWNOh 

1070 

1056 

1067 

1053 

1050 

1064 

1059 

1050 

1056 

1047 

1047 

LizSOd Hz0 1008 

N%SOd 996 

NazSOd IOH* 992 

KG04 983 

(NH&SO4 975 

MgSOa 7Hz0 983 

NazHPOd 935 

(NH&HP04 913 

NHdHzP04 913 

Chromates 

Solution Droplets Mixed Salts 

NC% 1048 Na$Od. NaN03 996 1063 

so2- 980 (NH,JzSOd NHaN03 975 1043 

HSOd- 892 1048 NHhHS04 860 1025 

(NH&HSOd 960 1065 

A e r o s o l  p a r t i c l e s  c o m p o s e d  o f  i n o r g a n i c  s a l t s  s u c h  a s  c h l o r i d e s ,  s u l f a t e s ,  a n d  n i t r a t e s  a r e  
h y g r o s c o p i c  a n d  e x h i b i t  t h e  p r o p e r t i e s  o f  d e l i q u e s c e n c e  a n d  e f f l o r e s c e n c e  i n  h u m i d  a i r .  T h e s e  

a e r o s o l s  p l a y  a n  i m p o r t a n t  r o l e  i n  m a n y  a t m o s p h e r i c  p r o c e s s e s  t h a t  a f f e c t  l o c a l  a i r  q u a l i t y ,  v i s i b i l i t y  

d e g r a d a t i o n ,  a s  w e l l  a s  g l o b a l  c l i m a t e .  T h e  h y d r a t i o n  b e h a v i o r ,  t h e  o x i d a t i o n  a n d  c a t a l y t i c  c a p a -  
b i l i t i e s  f o r  t r a c e  g a s e s ,  a n d  t h e  o p t i c a l  a n d  r a d i a t i v e  p r o p e r t i e s  o f  t h e  a m b i e n t  a e r o s o l  a l l  d e p e n d  

c r u c i a l l y  o n  t h e  c h e m i c a l  a n d  p h y s i c a l  s t a t e s  i n  w h i c h  t h e s e  m i c r o p a r t i c l e s  e x i s t .  T h e  e x i s t e n c e  o f  
h y g r o s c o p i c  a e r o s o l  p a r t i c l e s  a s  m e t a s t a b l e  a q u e o u s  d r o p l e t s  a t  h i g h  s u p e r s a t u r a t i o n  h a s  r o u t i n e l y  

b e e n  o b s e r v e d  i n  t h e  l a b o r a t o r y 4 2 - 4 4 ;  a n d  v e r i f i e d  i n  t h e  a m b i e n t  a t m o s p h e r e . 4 s  B e c a u s e  o f  t h e  h i g h  
d e g r e e  o f  s u p e r s a t u r a t i o n  a t  w h i c h  a  s o l u t i o n  d r o p l e t  s o l i d i f i e s ,  a  m e t a s t a b l e  a m o r p h o u s  s t a t e  o f t e n  

r e s u l t s .  T h e  f o r m a t i o n  o f  s u c h  s t a t e  i s  n o t  p r e d i c t e d  f r o m  b u l k - p h a s e  t h e r m o d y n a m i c s  a n d ,  i n  s o m e  
c a s e s ,  t h e  r e s u l t i n g  m e t a s t a b l e  s t a t e  i s  e n t i r e l y  u n k n o w n  h e r e t o f o r e .  4 6  F i g u r e  8 . 3  s h o w s  t h e  h y d r a t i o n  
b e h a v i o r  o f  t h e  S r ( N 0 3 ) 2  p a r t i c l e ,  w h e r e  t h e  p a r t i c l e  m a s s  c h a n g e  r e s u l t i n g  f r o m  w a t e r  v a p o r  
c o n d e n s a t i o n  o r  e v a p o r a t i o n  i s  e x p r e s s e d  i n  m o l e s  H z 0  p e r  m o l e  s o l u t e  a n d  p l o t t e d  a s  a  f u n c t i o n  
o f  r e l a t i v e  h u m i d i t y  ( % R H ) .  A  c r y s t a l l i n e  a n h y d r o u s  p a r t i c l e ,  w h o s e  R a m a n  s p e c t r u m  s h o w n  i n  

F i g u r e  8 . 4 b ,  d i s p l a y s  a  n a r r o w  p e a k  a t  1 0 5 8  c m - *  a n d  a  s h o u l d e r  a t  1 0 . 5 5  c m - i ,  w a s  f i r s t  s u b j e c t e d  
t o  i n c r e a s i n g  R H  ( f i l l e d  c i r c l e s ) .  T h e  s o l i d  p a r t i c l e  w a s  s e e n  t o  d e l i q u e s c e  a t  8 3 %  R H  w h e n  i t  
s p o n t a n e o u s l y  g a i n e d  w e i g h t  b y  w a t e r  v a p o r  c o n d e n s a t i o n  a n d  t r a n s f o r m e d  i n t o  a  s o l u t i o n  d r o p l e t  

c o n t a i n i n g  a b o u t  1 3  m o l e s  H z 0 1  m o l e s  s o l u t e .  F u r t h e r  g r o w t h  o f  t h e  d r o p l e t ,  a s  R H  w a s  a g a i n  

i n c r e a s e d ,  w a s  i n  c o m p l e t e  a g r e e m e n t  w i t h  t h e  c u r v e  c o m p u t e d  f r o m  b u l k  s o l u t i o n  d a t a . 4 7  A s  R H  
w a s  r e d u c e d ,  t h e  d r o p l e t  s t a r t e d  t o  l o s e  w e i g h t  b y  e v a p o r a t i o n  ( o p e n  c i r c l e s ) .  I t  r e m a i n e d  a  
s u p e r s a t u r a t e d  m e t a s t a b l e  s o l u t i o n  d r o p l e t  f a r  b e l o w  t h e  d e l i q u e s c e n c e  p o i n t  u n t i l  i t  a b r u p t l y  
t r a n s f o r m e d  i n t o  a n  a m o r p h o u s  s o l i d  p a r t i c l e  a t  - 6 0 %  R H .  T h e  p a r t i c l e  r e t a i n e d  s o m e  w a t e r  e v e n  
i n  v a c u u m .  T h e  R a m a n  s p e c t r u m  o f  s u c h  a  p a r t i c l e  i s  s h o w n  i n  F i g u r e  8 . 4 d ,  d i s p l a y i n g  a  b r o a d  

b a n d  a t  1 0 5 3  c m - l ,  i n  s h a r p  c o n t r a s t  t o  t h o s e  o f  t h e  a n h y d r o u s  p a r t i c l e  a n d  t h e  b u l k  s o l u t i o n  ( F i g u r e  
8 . 4 ~ ) .  I n  m o s t  c a s e s ,  a n  a m o r p h o u s  s o l i d  p a r t i c l e  w o u l d  c o n t i n u o u s l y  a b s o r b  a  v e r y  s m a l l  a m o u n t  
o f  w a t e r  u p o n  i n c r e a s i n g  R H  u n t i l  t h e y  d e l i q u e s c e d  a t  6 9 %  R H .  O n c e  i n  s o l u t i o n ,  t h e  p a r t i c l e  

w o u l d  b e h a v e  l i k e  a  t y p i c a l  s o l u t i o n  d r o p l e t .  I n  t h e  s p e c i a l  c a s e  s h o w n  i n  F i g u r e  8 . 3 ,  h o w e v e r ,  t h e  
p a r t i c l e  ( c r o s s e s )  w a s  o b s e r v e d  t o  h a v e  t r a n s f o r m e d  f i r s t  i n t o  a n  a n h y d r o u s  p a r t i c l e  d u r i n g  i n c r e a s i n g  

R H  a n d  t h e  d e l i q u e s c e d  a t  8 3 %  R H ,  i n d i c a t i n g  t h a t  t h e  a m o r p h o u s  s o l i d  p a r t i c l e  w a s  m e t a s t a b l e  
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FIGURE 8.4 Raman spectra of Sr(NO& in different physical and chemical states: (a) crystalline 
Sr(NO& 4H20; (b) anhydrous Sr(NOJ*; (c) bulk Sr(NO& aqueous solution; and d) Sr(NOJ* particle. 

practical purposes, irrespective of the different kinds of cations present in the droplet. However, 
when a droplet containing multicomponent electrolytes transforms into a solid particle under low 
humidity conditions, the chemistry and kinetics of the system will operate to govern the outcome 

of crystallization process. 
Thus, for non-interacting systems, the droplet will simply solidify to contain salt mixtures that 

make up the composition of the original dry-salt particle. For these particles, the composition can 
be determined from the relative peak intensities and the Raman cross-sections of the respective 

components. Figure 8.6a shows a Raman spectrum of a potassium nitrate and potassium sulfate 

solution droplet, indicating only SO4 Z- at 980 cm-t and N03- at 1049 cm-l without any information 

about the cation. The Raman spectrum of the recrystallized solid particle is shown in Figure 8.6b, 
where the peaks reveal the characteristic Raman shifts of K2SOe at 983 cm-’ and KN03 at 1053 cm-‘. 
Note that the band broadening effect in the droplet is quite apparent as compared to the crystalline 

particle. 
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FIGURE 8.5 Raman spectra of NHdHSOd in (a) a particle, and (b) in bulk phase. 

However, many inorganic salts upon crystallization from its aqueous solution are known to 
form mixed salts that are stable stoichiometric compounds. Mixed salts have been shown to be 

present in ambient aerosols and in laboratory-generated aerosols. The Raman lines of mixed salts 
may be very different from those of the pure component salts, or they may represent a slight 
displacement that only becomes apparent with ultra-high spectral resolution. For example, in the 

crystallization of a solution droplet containing sodium and ammonium cations and sulfate and 
nitrate anions,39 the solid particle may contain salts of all possible combinations, namely, NHdN03 
(NH&SOd, NaN03, and NaZSOd, which have strong symmetric Raman bands at 1050 cm-i, 
975 cm-l, 1067 cm-’ and 996 cm-i, respectively (see Table 8.2). In addition, mixed salts can also 
form.4g For example, in the solid particle formed from a solution droplet containing NaZS04 and 

NaN03 (molar ratio 1:4), the Raman spectrum shown in Figure 8.7a reveals the presence of not 
only the pure components at 1067 cm-’ and 996 cm-l, but a new band at 1063 cm-l, which is 
attributed to the presence of mixed salt NaNOX NaZS04 . HZO. Similarly, Figure 8.7b shows the 

Raman spectrum of a solid particle containing a 1:4 mixture of NaN03 and NH4N03, where a new 
Raman band observed at 1053 cm-’ is attributed to the formation of the mixed salt 2NH4NOs 
NaN03. The formation of the mixed crystal in an aerosol particle is largely governed by the kinetic 
conditions at crystallization. For droplets of identical composition, the outcome of the mixed crystals 
is not always the same. 
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FIGURE 8.6 Raman spectra of a solution droplet containing K2SO_, and KN03 (a) before and (b) after 
crystallization. 

QUANTITATIVE ANALYSES 

There are several aspects in considering the use of spontaneous Raman scattering as a quantitative 
measuring technique for aerosol particles. In principle, the Raman scattering intensity, Z$ is propor- 
tional to the total number of Raman active scattering molecules or centers, k~p, and the intensity 

of the excitation source, Zi: 

Is = lilq3, (8.4) 

where 1 is the interaction length, CJ is the Raman scattering cross-section, and p is the density. 
However, for aerosol particles, these parameters are extremely difficult to measure in practice. As 
the size of the particle changes, the number of Raman active scattering molecules or centers will 

be different, and the overlap between the laser beam and the particle can also vary. Moreover, for 
solution droplets, the morphology dependent Mie resonances can interfere with and modify the 
overall Raman scattering intensity. Therefore, it is helpful to have an internal standard for aerosol 

Raman intensity measurement. This internal standard can easily eliminate the particle size variation 
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FIGURE 8.7 Raman spectra of multicomponent salt particles showing the presence of mixed salts: (a) 4: I  
mixture of NaN03 and Na2SOd, and (b) 1:4 mixture of NaN03 and NHdN03. 

and the fluctuation in the intensity of the excitation source. In laboratory studies, many non- 
interacting Raman active species can be added to the samples of interest. For ambient aerosols, 
water is often a dominant component and can be used as intensity reference.5o On a positive note, 
aerosol particles are physically thin samples. Typically, they are only a few micrometers in diameter. 
Thus, problems arising from optical diffusiveness as encountered51 in bulk samples have less effect 

on aerosol particles. 
An example of quantitative measurement is illustrated with the system of ammonium sulfate 

and sodium sulfate solid mixtures .4g A Raman spectrum of an aerosol particle composed of 

(NH&SO4 and Na2S04 is shown in Figure 8.8. This spectrum represents an exposure of 10 seconds, 
producing a signal intensity about 6000 counts/s. The peak shape is entirely Lorentian. The 
symmetric vibrational bands of the two sulfate groups show a small overlap. To account for the 

proper integrated peak-area signal, the spectrum is computer-resolved and best-fitted with a set of 
optimal values of peak position and width by a numerical routine. The optimization algorithm 
follows the nonlinear least-squares method outlined by Marquardt.sz In Figure 8.9, a plot of the 

scattering intensity ratio against the molar mixing ratio of Na2S04 to (NH4)$04 is shown. The 
linearity of this plot is very good. The slope of the line, which represents the relative Raman cross- 
section ratio of Na2S04 to (NH4)$04 in this case, is found to be 0.65 & 0.01 by liner regression 

analyzis. Experimental data points, in general, represent the average results from at least three 
different aerosol particles; this is to ensure the even distribution of samples. The line width of both 

sulfate peaks shows a small increase, when compared to that of the pure component form. The 
slight broadening of the Raman peaks indicates the presence of the solid mixture of the two sulfates. 
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FIGURE 8.8 Raman spectra of a suspended (NHJ$Oa + NazSOd (1:4) particle. 
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FIGURE 8.9 Dependence of relative Raman intensity on molar ratio of Na$O.+ to (NHb)$O~ in particles. 
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The quantitative Raman analyzis for microdropletG3J4 needs special attention. The morphology- 
dependent Mie resonances can affect the over-all Raman scattering intensity. The incident intensity 
is given by 

Ii = l/ 2(e/ l_t)“*~~i[‘, 

where e is the electric inductive capacity and l.t is the magnetic inductive capacity. lJZ,12 is the 
internal electric field strength due to the incident beam. According to Mie theory, this internal field 

for spherical particles is different from that for bulk samples. The Raman scattering intensity is 
linearly proportional to the intensity of the incident radiation: 

IS = constant X Ii. Q3.6) 

Therefore, the morphology-dependent resonances directly modify the Raman emission from a 

spherical droplet. In order to compensate for this effect, the best approach is to use an internal 
standard to correct for this input Mie resonance effect. The Raman scattered photons are also subject 

to the Mie resonance condition. This output resonance effect can be seen to produce superimposed 
components on the spontaneous Raman signals.i5J8 

RESONANCE RAMAN SPECTROSCOPY 

As mentioned earlier, the resonance Raman effect arises when the incident laser frequency is tuned 

to the absorption band of the species of interest. The absorption spectra of the aqueous solutions 
of sodium dichromate, sodium chromate, potassium permanganate, and p-NDMA (p-nitrosodime- 

thylaniline) are shown in Figure 8.10. 33 In this example, the excited state of both dichromate and 

chromate lie outside the range of the wavelengths available in the argon-ion excitation laser. 

Therefore, the resonance effects can be interpreted as pre-resonance Raman. The absorption band 
of the p-NDMA and the permanganate solutions provides a better overlap with the laser coverage. 

Thus, they can be considered in the resonance Raman regime. However, the permanganate may be 
governed by some of the post-resonance effects, as the excitation energy is higher than the maximum 

of the absorption band. 
Due to the pre-resonance Raman effect, the dichromate and chromate ions were found to have 

cross-sections only about 12 and 10 times larger than that of the nitrate ion, respectively. Here in 
this study of aerosol particles, the nitrate ion was used as the internal standard, enabling the 

measurement of relative Raman cross-sections. The permanganate solution shows dominantly post- 

resonance effects, as the laser energy lies beyond the absorption maximum. A detailed study of 
this wavelength dependence has been made by Kiefer and Bernstein31J5 with bulk solution samples. 
In droplets, the permanganate ion was found to have its Raman cross-section about 300 times larger 

than that of the nitrate ion. For p-NDMA, there are two strong Raman bands at 1164 cm-l and 
16 13 cm-i, which are the phenyl-nitroso deformation and symmetric benzene ring-stretching vibra- 
tions, respectively. Figure 8.11 shows the Raman spectrum of a solution droplet containing potas- 

sium nitrate (0.02 w, potassium sulfate (0.02 m, and p-NDMA ( lCP5 m. At the 4880 A excitation 
wavelength, the measured enhancement for p-NDMA with respect to nitrate or sulfate is 3 x 104. 

The detection limit in this example is of the order of 10-’ M for P-NDMA.~O 
As is well known, the Mie theory precisely describes the light scattering from spherical particles. 

The Mie scattering function can be strongly influenced by the imaginary, or the absorption part of 
the index of refraction. As this imaginary part increases, both the angular scattering intensity 
distribution and the size scattering intensity, distribution become more monotonic. Effectively, the 

morphology-dependent peaks are softened by the absorption component and the scattering function 
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FIGURE 8.10 Absorption spectra of aqueous solutions of (a) sodium dichromate, (b) sodium chromate, (c) 
P-NDMA, and d) potassium permanganate. 

approaches the absorption limit of the scattering center. Kerke+ has given a detailed discussion 
as well as graphic illustration of the effects of the imaginary part on the scattering function. Besides 

the effects of the imaginary part on the Mie scattering function, the variation in the droplet size 
can also affect the Mie resonances. For example, a 45l_tm droplet would have very dense morphol- 
ogy-dependent resonance peaks. Typically, the change in the droplet diameter is about 0.26 l_tm 
between adjacent resonance peaks. The large light collection angle (approximately 60’) used in 
the Raman scattering experiment further reduces this 0.26~pm spacing to 0.12 l_tm. Meanwhile, the 

Mie resonance peak width is also broadened, from 0.05 l.tm to 0.02 pm, by the large light collection 
angle. Therefore, an estimate of less than 0.1 pm or 0.2% variation in the droplet diameter would 
sufficiently smooth out most of the Mie resonance features. The absence of the Mie elastic scattering 

features in the spectra can be attributed to the two factors mentioned above. Even in the event of 
highly monodisperse droplets, this unique property of resonance Raman spectroscopy can be used 

to dampen the Mie resonance peaks. Hence, a more meaningful quantitative measurement can be 
obtained. 

Another unique feature in the resonance Raman scattering is the occurrence of a long progres- 

sion of overtones. From the point of molecular spectroscopy, these overtones allow the determination 

of anharmonicity in the molecular vibration. Such observation was obtained on solid potassium 
chromate by Kiefer and Bernstein. 55 A total of ten harmonics of the internal stretching mode, vi, 

at 853 cm-’ was observed. In addition, only total symmetric vibrations have such characteristics. 
It was observed that some B symmetry vibrations were absent in the resonance Raman spectrum. 

In the case of solution droplets, overtones for the permanganate ion were also observed.32 The 
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FIGURE 8.11 Raman spectrum of a solution droplet containing potassium nitrate, potassium sulfate, and 
JI-NDMA. 

progression was limited to a few overtones due to the lack of sensitivity. The anharmonicity obtained 
from the solution droplet is in good agreement with the one derived from bulk samples. 

SUMMARY AND FUTURE DEVELOPMENT 

As laser Raman spectroscopy of aerosol particles is only in its infancy, new developments leading 

toward higher sensitivity and better selectivity for chemical characterization are anticipated. Extrac- 

tion of information from Mie scattering-affected Raman bands is of particular importance to 
microdroplet analyzis. During the past decade, there have been many advances made in optical 
instrumentation development, the generation and containment of aerosol particles, and other spec- 
troscopic analytical techniques as well. However, particle Raman spectroscopy has almost become 
a standard laboratory technique for microparticle research. Current Raman scattering techniques 

largely focus on the aerosol particle as a whole. Resonance enhancement techniques would allow 
the investigation of the surface layer coverage of the aerosol particles by selectivity tuning the 

excitation wavelength to the absorption bands of the species of interest. Since many chemical and 
physical processes are occurring at the gas-particle interface, an ultimate challenge is to probe and 

study these surface layers. The resonance Raman technique may emerge as an important tool in 

this respect. 
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